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-—•Characteristics  of  SnTe,  Si,  and  Be  were  investigated  as  dopants  in  “'BE 
GaAs .  SnTe  exhibited  substantially  sharper  doping  profiles  and  lower  sur£ac; 
segregations  than  elemental  Sn.  It  appears  that  Bn'e  molecules  incorporate 
mostly  as  Sn  and  Te  pairs  instead  of  independent  Bn  and  Te  a  corns .  and  that  v 
incorporation  mechanism  suppresses  the  surface  segregation.  It  .-.as  u'  .o  fee 
that  SfiTe  incorporation  depends  on  the  availability  of  la  /acf'c  ies .  “he  :s 
sities  of  Sn  and  Te  in  the  SnTe-doped  films  were  comsi.-anl  e.  ;s  .-xp*‘C'oo  fro: 
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'sjpa'ir  incorporation.  The  exact  nature  of  the  ;>air  incorporation  mechanism  ts 
not  understood.  It  does  not  appear  that  SnTt  incorporates  as  a  molecule,  since  t 
in  that  form  it  would  give  rise  to  a  deep  donor  (25  meV-30  me'/),  which  was  not  I 
found  in  SnTe-doped  films.  DLTS  measurements  indicate  that  SnTe  does  not  | 

introduce  detectable  densities  of  deep  traps  in  the  film.  j 

.  .  i 

'Si  was  also  studied  in  conjunction  with  accelerated  growth  rates.  Si-  , 
doped  films  exhibited  high  mobilities  and  good  photol uni nescence  (PL)  charac-  i 
teristics.  Lower  energy  peaks  observed  by  others  in  liquid  nitrogen  temperatur  j 
spectrum  were  not  seen  in  our  films,  indicating  these  peaks  are  not  inherently  ; 
connected  with  Si  doping.  The  accelerated  growth  rates  did  not  affect  the  PL  < 
characteristics  and  only  improved  the  liquid  nitrogen  mobilities.  i 
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t3e  doping  was  studied  in  the  range  from.JO  to  10  /cm".  Satisfactory  | 

hole  mobilities  and  p-n  junctions  were  obtained^  indicating, adequate  purity 
of  the  Be  source.  | 
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I. 


INTRODUCTION 


Recently,  the  molecular  beam  epitaxy  (MBE)  technique  has  rapidly 

become  a  practical  epilayer  growth  technique  for  optoelectronic  and 
1  2 

microwave  devices.  5  In  spite  of  all  the  advantages  that  MBE  has, 
however,  finding  an  ideal  n-type  dopant  has  been  pointed  out  as  one  of 
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the  problem  areas.  Sn  is  currently  most  widely  used,  but  its  incor- 
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poration  depends  on  its  surface  population,  making  it  difficult  to 
achieve  an  abrupt  change  in  doping  profile.  One  result  of  this  surface 
segregation  is  that  it  produces  a  doping  concentration  dip  when  grown  on 
n  substrates,  resulting  in  high  series  resistance  for  IMPATT  and  mixer 
diodes.  Another  column  IV  amphoteric  dopant,  Ge,  does  not  have  the 
surface  segregation  problem  but  is  strongly  amphoteric  and  its  doping 
effect  is  very  sensitive  to  growth  conditions.  In  far+,  two  layers  of 
opposite  polarity  can  be  grown  successively  on  the  same  wafer  simply  by 
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changing  the  substrate  temperature  during  growth.  Si  does  not  have 

segregation  problems  nor  is  it  as  amphoteric  as  Ge.  High  mobility  and 

sharp  doping  profiles  have  been  demonstrated  by  using  Si.6,7  One  problem 
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of  using  Si,  however,  is  its  photoluminescence  (PL)  characteristic. 

At  77°K,  there  always  was  observed  a  peak  about  1  eV  below  the  band 
edge  emission  peak,  which  was  associated  with  Ga  vacancies  by  other 
workers.  This  peak  appeared  to  make  Si  doping  less  attractive  for 
optoelectronic  devices. 

Owing  to  shortcomings  of  these  dopants,  we  investigated  SnTe  as  a 
source  of  donor  impurities.  Both  Sn  and  Te  are  known  donors  ir.  GaAs , 
and  there  is  a  good  possibility  that  both  Sn  and  Te  incorporate  as  donors 
in  MBE -GaAs .  The  initial  results  with  SnTe  doping  were  encouraging. 

The  Hall  mobilities  measured  on  SnTe-doped  films  were  comparable  to 
Sn-doped  films.  More  importantly,  a  sharp  doping  profile  was  obtained 
using  SnTe  without  predeposition.  As  an  example,  the  doping  profiles  of 


three  MBE-grown  GaAs  films  are  shown  in  Fig.  1.  Film  (1)  was  grown 
using  Sn  doping  at  a  substrate  temperature  of  544°C,  following  a  Sn 
predeposition  of  15  minutes.  The  film  (2)  was  also  grown  using  Sn,  but 
at  a  substrate  temperature  of  581 °C  and  with  Sn  predeposit  time  of  45 
minutes.  Film  (3)  was  grown  using  SnTe  at  a  substrate  temperature  of 
581  °C  with  no  predeposition  of  SnTe.  This  result  clearly  shows  that 
doping  with  SnTe  produces  sharper  doping  profile  than  doping  with  Sn, 
and  that  predeposition  steps  can  be  eliminated  when  using  SnTe.  This 
capability  of  obtaining  a  sharp  doping  profile  makes  SnTe  an  attractive 
alternative  to  Sn. 

Prior  to  this  contract,  we  had  seen  anomalous  p-n  junction  behavior 
on  SnTe/Be-doped  films.  Also,  liquid  nitrogen  temperature  mobilities 
were  low  (about  40,000  cm  /V-sec).  Therefore,  we  planned  extensive 
studies  on  background  impurity  incorporation  and  aettering  of  the  unde¬ 
sirable  impurities,  believing  that  these  were  the  cause  of  the  anomalous 
junction  behavior  and  low  mobilities.  However,  with  continuous  use  of 

the  system,  the  mobilities  steadily  improved  and  we  have  obtained  the 
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maximum  77°K  mobilities  of  75,000  cm  /V-sec  recently.  Also,  as  the  text 
will  later  show,  the  total  deep  trap  densities  are  so  low  that  it  is 
difficult  to  even  detect  them.  Therefore,  some  of  the  planned  studies 
on  background  impurity  incorporation  were  obviated.  Instead,  the  efforts 
were  redirected  to  study  Si  doping,  which  was  not  originally  proposed. 

One  motivation  was  to  cut  down  the  growth  time  of  some  microwave 
devices.  For  example,  the  growth  of  19-GHz  IMPATT  diodes  takes  8-9 
hours;  a  doubling  of  growth  rate  would  cut  the  growth  time  by  half. 
Further  increase  in  growth  rate,  of  course,  should  cut  down  the  growth 
time  further.  In  order  to  investigate  higher  growth  rate  effects,  it 
was  desirable  to  find  a  dopant  which  is  least  sensitive  to  change  of 
growth  conditions.  SnTe  was  still  under  investigation  at  that  time,  but 
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Doping  profiles  for  three  different  MBE  GaAs  films: 

(1)  Sn  doped,  T  ^  =  544°C,  15  min.  Sn  predeposition. 

(2)  Sn  doped,  T  ^  =  581  °C,  45  min.  Sn  predeposition. 

(3)  SnTe  doped,  T  .  =  581°C,  no  dopant  predeposition 


its  incorporation  was  not  well  understood.  Alternatives  were  Sn,  Ge 
and  Si.  Among  these.  Si  appeared  to  be  least  sensitive  to  growth  con¬ 
ditions.  It  had  been  reported  that  Si  incorporation  rate  is  indepen¬ 
dent  of  substrate  temperature  from  500-600°C  and  is  sensitive  to  As,/Ga 
9  4 

ratio  change. 

Our  initial  experimental  results  were  gratifying.  Si  doping  was 
not  only  compatible  with  higher  growth  rate,  but  also  did  not  produce 
the  lower  energy  photoluminescence  peak  which  was  observed  by  other 
researchers  at  77°K,  indicating  good  electro-optical  characteristic  of 
Si-doped  films.  These  experimental  results  and  others  are  presented  in 
this  report. 


II. 


EXPERIMENTAL 


All  the  epitaxial  growths  were  performed  in  a  Varian  MBE-360  mole¬ 
cular  beam  epitaxy  system.  The  system  has  three  chambers  --  a  wafer 
interchange-load  lock  chamber,  interlock  chamber,  and  growth  chamber.  The 
load-lock  chamber  protects  the  interlock  chamber  from  exposure  to  the 
atmosphere,  and  the  interlock  chamber  allows  the  growth  chamber  to  see 
only  high  vacuum  on  the  order  of  10‘^°Torr  scale,  so  that  ultrahigh 
vacuum  conditions  are  readily  maintained  in  the  growth  chamber.  Also, 
the  interlock  chamber  has  a  carousel  which  can  hold  four  heater  blocks 
so  that  a  run  can  be  made  immediately  after  another  by  simply  transferring 
out  the  grown  wafer  from  the  growth  chamber  and  transferring  in  a  new 
substrate  which  has  been  stored  in  the  interlock  chamber  under  high 
vacuum. 

An  exploded  view  of  the  growth  chamber  is  shown  in  Fig.  2.  The 
growth  chamber  has  8  furnaces,  8  furnace  shutters,  and  a  substrate 
carousel.  The  carousel  has  two  substrate  holders.  Not  shown  in  the 
figure  is  an  ion  gauge  attached  to  the  carousel  which  can  be  placed  in 
the  path  of  molecular  beam  by  simply  rotating  the  carousel .  The  beam 
flux  was  measured  by  opening  and  closing  a  furnace  shutter  and  measuring 
the  pressure  difference  using  this  ion  gauge.  The  Auger  analysis  com¬ 
ponents  are  on  the  right  side  of  the  chamber  and  analytical  components, 
reflection  electron  diffraction  and  a  quadrupole  mass  spectrometer  are 
on  the  left  side  of  the  chamber. 

The  molecular  beam  sources  were  standard  Varian  MBE  furnaces  con¬ 
taining  charges  of  Ga  (7N,  Eagle-Pitcher),  As  (6N,  Canyonlands  21st 
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Century  Corp.),  SnTe  (5N,  A1 pha-Ventron) ,  Si  (10  cm  phosphorous-doped 
Dow  Corning),  and  Sn.  All  the  charges  were  obtained  in  pyrolytic  boron 
nitride  (PBN)  crucibles.  The  substrate  material  was  (1 00)-oriented ,  Cr- 
doped  or  Sn-doped  GaAs  grown  at  Varian  by  the  liquid  encapsulation 
Czochralski  process;  Sn-doped  GaAs  substrates  Durchased  from  Mitsui  were 


sometimes  used.  The  substrates  were  chemo-mechanical ly  polished  in  a 
standard  sodium  hypochlorite  solution.  Immediately  before  loading,  the 
substrates  were  degreased  in  TCE,  acetone,  and  methanol  and  etched  in 
stagnant  4:1:1  (H^SO^ rH^O)  solution  for  one  minute.  Indium  was 
used  to  bond  the  substrate  to  a  molybdenum  heater  block.  The  substrate 
was  heat  cleaned  in  the  growth  chamber  for  six  minutes  at  611 °C.  When 
the  substrate  temperature  reached  500°C,  the  As  furnace  shutter  was 
opened  with  the  substrate  at  the  growth  position  to  prevent  the  substrate 
surface  from  decomposition  due  to  possible  arsenic  evaporation. 

The  usual  growth  rate  used  was  1  y/h  unless  otherwise  specified. 

A  typical  As^-to-Ga  flux  ratio,  J^s  /JGa>  was  0.75  to  1.00.  A  typical 
background  pressure  during  growth  ^  was  5  x  10"^  Torr,  which  mostly 
consisted  of  various  arsenic  species.  The  Hall  mobilities  were  measured 
by  the  van  der  Pauw  technique  on  2.5-3.0-micron  thick  layers  grown 
directly  on  Cr-doped  substrates  without  a  buffer.  The  magnetic  field 
was  1.2  kilogauss.  The  epitaxial  layer  thickness  determined  by  cleave 
and  strain  measurement  was  used  for  calculation  of  carrier  concentration. 
Photoluminescence  (PL)  measurements  were  made  at  77 °K  with  a  1 -W  argon 
laser  and  cooled  S-l  photomultiplier.  For  the  SnTe  incorporation  study, 
Secondary  Ion  Mass  Spectroscopy  vSIMS)  technique  was  extensively  used. 
This  service  was  purchased  from  Charles  Evans  &  Associates,  San  Mateo, 

Cal i fornia . 
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III.  RESULTS  AND  DISCUSSION 


A.  Dopant  Incorporation  of  SnTe  in  MBE  GaAs 


When  either  elemental  Sn  or  Te  is  used  as  a  dopant  in  MBE  GaAs, 
both  lead  to  the  surface  segregation  problem.  The  problem  is  more 
severe  for  Te  than  for  Sn,  Te  accumulating  to  several  monolayers  at  the 
surface.  It  has  been  reported  that  Te,,  actually  displaces  the  outer 
layer  of  arsenic  atoms  from  the  As-stabilized  structure  to  form  stable 
surface  compound  Ga-TeJ'*  This  severe  Te  accumulation  is  not  seen  in 
SnTe-doped  films.  Figure  3  shows  SIMS  results  on  a  SnTe-doped  layer 
grown  at  533°C.  It  should  be  pointed  out  that  the  difference  in  the  ion 
counts  for  Sn  and  Te  is  due  to  the  different  sensitivity  of  the  SIMS 
technique  to  these  elements,  and  that  their  actual  concentrations  are 
about  the  same,  as  will  be  shown  later.  The  small  spike  on  the  right 
side  of  the  profile  was  probably  caused  by  a  high  SnTe  vapor  pressure 
which  had  been  built  up  behind  the  shutter  and  released  when  the  shutter 
was  opened.  However,  this  result  clearly  shows  that  sharp  doping  profile 
steps  are  possible  using  SnTe.  The  total  concentration  of  Sn  and  Te  is 
about  4  x  10  for  this  film. 


When  a  higher  substrate  temperature  is  used,  Sn  and  Te  segregation 

begins  to  be  noticeable.  The  wafer  shown  in  Fig.  4  was  grown  while  the 

substrate  temperature  was  changed  in  steps  from  533°C  to  581 °C  to  612°C 

during  growth.  An  undoped  layer  was  grown  at  520°C  between  each  layer 

to  see  how  the  doping  concentration  changed  after  the  SnTe  shutter  was 

closed.  At  the  end,  a  2.5-um  thick  undoped  layer  was  grown  at  520°C  and 

14  2  14 

this  layer  was  ion  implanted  with  2x10  atoms/cm  of  Sn  and  1  x  10 
2 

atoms/cm  of  Te  at  250  KeV :  These  known  Sn  and  Te  concentrations  were 
used  for  the  calibration  of  the  Sn  and  Te  concentration  in  SnTe-doped 
layers.  As  shown  in  the  figure,  the  doping  concentration  of  both  Sn  and 
Te  decreases  at  a  higher  substrate  temperatures  due  to  re-evaporation  of 
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WIDTH  OF  DOPING  PROFILE  (,um) 


Sn  and  Te  concentration  profile  measured  by  SIMS 


SnTe  from  the  substrate  surface.  Also,  the  increase  and  decrease  of  the 
doping  profile  of  the  first  layer  are  not  sharp  due  to  a  nonuniform  SIMS 
sputtering  depth  caused  by  surface  roughness  of  this  particular  wafer. 
However,  the  doping  concentration  spike  at  the  end  of  the  layer  grown  at 
581 °C  clearly  shows  that  the  Sn  and  Te  accumulated  at  the  surface.  Even 
though  both  Sn  and  Te  accumulate  at  the  surface,  the  surface  populations 
are  not  equal.  The  difference  in  the  degree  of  accumulation  for  Sn  and 
Te  is  clearly  shown  in  the  last  layer  grown  at  612°C  in  which  the  amount 
of  accumulated  Te  is  about  4-5  times  higher  than  that  of  accumulated  Sn. 
When  the  total  amount  of  accumulated  Sn  and  Te  was  calculated  from  this 
figure  using  the  known  concentration  of  ion-implanted  Sn  and  Te  in  the 
buffer,  the  total  amount  is  only  2-4"  of  a  monolayer,  even  at  a  high 
surface  temperature  of  612°C.  Also,  it  may  be  noted  that  the  change  in 
Sn  doping  profile  is  more  abrupt  than  Te,  even  at  higher  substrate 
temperatures . 

From  these  results,  we  conclude  that  most  of  the  SnTe  incorporates 
as  a  Sn  and  Te  pair,  i.e.,  incorporation  of  Sn  promotes  incorporation  of 
Te.  If  SnTe  decomposes  at  the  surface  and  incorporates  as  individual 
Sn  and  Te  atomic  species,  the  same  degree  of  Te  surface  accumulation 
should  be  seen  for  SnTe-doped  films  as  when  elemental  Te  is  used.  This 
gross  accumulation  is  not  seen  in  our  result.  Furthermore,  we  conclude 
that  when  SnTe  molecules  do  decompose  at  high  substrate  temperature, 
they  decompose  at  Ga  vacancy  sites  where  the  Sn  atom  readily  incorporates. 
We  base  this  conclusion  on  the  lower  accumulation  and  sharper  changes  in 
the  doping  profile  of  Sn  and  Te,  as  seen  in  this  figure. 

Even  though  SnTe  incorporates  as  a  pair,  the  amount  of  incorpora¬ 
tion  is  determined  by  the  availability  of  Ga  vacancies.  A  wafer  was 
grown  at  a  constant  substrate  temperature  of  581 °C,  but  this  time  the  As 
flux  was  changed  in  steps,  thus  changing  the  number  of  Ga  vacancies  at 


the  surface  during  growth.  As  seen  in  Fig.  5,  the  increase  of  the  As 
flux,  and  thus  the  increase  in  the  number  of  Ga  vacancies,  results  in 
increase  of  both  the  Sn  and  Te  concentration.  The  result  clearly  shows 
that  SnTe  incorporates  as  a  Sn  and  Te  pair  (not  necessarily  as  a  SnTe 
molecule)  and  the  rate  of  incorporation  depends  upon  the  number  of  Ga 
vacancies  available. 

The  ratio  of  Te-to-Sn  incorporation  is  shown  in  Fig.  6.  Each  wafer 
has  3  to  4  layers,  similar  to  those  shown  in  Figs.  4  and  5.  The  summary 
of  growth  conditions  is  shown  in  Table  I.  Figure  6  shows  that  in  all 
cases  the  Te/Sn  ratio  is  close  to  unity  (shown  as  a  solid  line  in  the 
figure),  confirming  the  Sn  and  Te  pair  incorporation  conclusion.  In 
the  majority  of  cases,  the  amount  of  Te  is  somewhat  less  than  the  amount 
of  Sn,  and  the  difference  becomes  larger  at  higher  substrate  temperatures. 
This  indicates  that  Te  evaporates  from  the  substrate  surface  during 
growth  in  a  form  other  than  SnTe.  It  appears  that  some  of  the  Te 
accumulated  at  the  surface  evaporates  as  volatile  Te^,  because  the  Te2 
peaks  were  observed  by  a  quadrupole  mass  spectrometer  scan  when  the  sub¬ 
strate  temperature  was  raised  to  633°C  with  the  SnTe  shutter  closed.  Mo 
observable  Te2  peaks  could  be  found  with  a  cold  substrate  and  an  open 
SnTe  furnace,  indicating  that  the  source  of  Te2  is  not  the  SnTe  furnace 
itself.  We  did  not  see  evaporation  of  Sn  from  the  surface. 

Figure  7  shows  that  the  net  carrier  concentration  and  total  density 
of  Sn  and  Te  in  the  films  as  a  function  of  the  reciprocal  temperature  of  the 
SnTe  furnace.  The  former  was  measured  by  van  der  Pauw  technique,  and 
the  latter  computed  from  SIMS  results.  There  are  two  sets  of  van  der 
Pauw  data,  one  for  films  grown  at  533°C  and  the  other  for  films  grown  at 
581 °C.  The  net  carrier  concentrations  for  films  grown  at  581 °C  is 
smaller  than  those  for  films  grown  at  533°C.  This  is  probably  due  to 
re-evaporation  of  physisorbed  SnTe  molecules  from  the  surface  before 
incorporation.  However,  at  both  substrate  temperatures,  the  carrier 
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Relative  Sn  and  Te  concentrations  measured  by 
SIMS  as  a  function  of  depth;  the  As^/Ga  flux 
ratio  was  changed  in  steps  during  growth  of 
this  film. 


T«  CONCENTRATION  (em~ 


Fig.  6  Te/Sn  ratio  in  SnTe-doped  films  grown  under  various 
conditions . 
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Summary  of  experimental  conditions  for  films  shown  in  Fig. 


d 


concentration  under  high  SnTe  fluxes  deviates  from  the  straight  line 

1 2 

representing  the  vapor  pressure  curve  of  SnTe.  When  the  total  densities 
of  Sn  and  Te  are  plotted  in  the  same  graph,  they  also  show  similar 
deviations  from  the  vapor  pressure  curve.  Therefore,  the  saturation  of 
the  net  carrier  concentration  at  high  doping  levels  cannot  be  explained 
by  donor-acceptor  compensation.  We  speculate  that  the  Te  and  Sn  accumu¬ 
lation  at  the  surface  at  high  SnTe  furnace  temperatures  effectively 
reduces  the  sticking  coefficient  of  SnTe  molecules,  resulting  in  a 
decrease  in  the  Sn  and  Te  incorporation  in  the  growing  layers. 

The  presence  of  deep  donors  and  deep  trap  levels  in  SnTe-doped 
films  was  checked,  with  only  negative  results.  The  net  carrier  concen¬ 
trations  measured  by  the  van  der  Pauw  technique  at  room  temperature  and 
liquid  nitrogen  temperature  are  practically  identical,  indicating  SnTe 
doping  produces  shallow  donors.  For  example,  the  carrier  concentrations 

measured  on  two  samples  from  the  same  SnTe-doped  wafer  were  3.60  x 
15-3  15-3 

10  cm  and  3.70  x  10  cm  at  room  temperature,  and  decrease  only 
slightly  to  3.54  x  1015cm3  and  3.70  x  10^5cm'3  respectively  at  liquid 
nitrogen  temperature. 

Deep  Level  Transient  Spectroscopy  ( DLTS )  measurements  were  made  on 

films  doped  with  three  different  dopants  (Si,  Sn,  and  SnTe).  The 

measurement  technique  was  as  follows.  A  2-micron  thick  layer  doped  at  8 
1 5  -3 

x  10  cm  was  grown  on  an  n-type  substrate.  Gold  dots  were  evaporated 

on  the  surface  and  the  wafer  was  loaded  into  the  DLTS  measurement  chamber. 

The  temperature  of  the  sample  was  slowly  raised  from  liquid  nitrogen 

temperature  to  100°C  overnight.  As  the  temperature  rose  slowly,  the 

Schottky-barrier  capacitance  was  automatically  measured  and  recorded  at 

interva’s,  as  a  function  of  temperature.  At  the  completion  of  the  run, 

thermal  emission  rate,  activation  energy,  trap  densities,  and  capture 

cross  sections  were  computed  from  these  data.  Table  II  summarizes  the 
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results.  As  shown,  the  total  trap  densities  are  less  than  1  x  10  cm 


SnT«  FURNACE  TEMP  1000fi’(°K) 


Net  carrier  concentration  and  the  total 
Sn  and  Te  concentration  in  SnTe-doped 
films  as  a  function  of  inverse  temperature 
for  the  SnTe  furnace. 


for  all  the  layers,  indicating  cleanliness  of  the  systems  we  are  using. 

It  appears  that  the  total  number  of  deep  traps  in  a  SnTe-doped  film  is 
higher  than  that  of  a  Si-doped  or  Sn-doped  film.  However,  this  dif¬ 
ference  in  total  deep  trap  densities  can  be  easily  attributed  to  the 

difference  in  growth  conditions,  or  to  the  measurement  itself.  As  shown 
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in  the  table,  the  total  trap  densities  are  lower  than  10  cm  for  the 
doping  concentration  shown  in  the  table,  close  to  the  detection  limit  of 
the  DLTS  apparatus  used.  Also,  the  total  density  of  traps  can  vary  from 
sample  to  sample.  For  example,  the  DLTS  results  on  two  Si-doped  films 
grown  under  the  similar  conditions  but  on  different  occasions  show  wide 
variations  in  deep  trap  energies  and  their  concentration.  This  much  is 
certain,  however,  that  SnTe  doping  does  not  introduce  abnormally  high 
trap  densities  in  the  layers. 

In  summary,  it  appears  that  SnTe  can  be  an  attractive  alternative  to 

Sn  as  an  n-type  dopant  in  MBE  GaAs.  A  sharp  doping  profile  can  be 
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obtained  with  doping  concentration  up  to  1  x  10  cm  when  used  at  a 
substrate  temperature  of  500-550°C.  Sn  and  Te  surface  segregation  do  occur 
at  higher  substrate  temperatures,  but  the  segregation  is  minimal  compared 
to  elemental  Sn-  or  Te-doped  films.  It  appears  that  SnTe  molecules 
incorporate  mostly  as  Sn  and  Te  pairs  instead  of  independent  Sn  and  Te 
atoms,  and  their  incorporation  depends  on  availability  of  Ga  vacancies. 

The  pair  incorporation  of  SnTe  was  further  evidenced  by  the  fact  that 
the  number  of  Sn  and  Te  in  the  SnTe-doped  films  is  about  the  same. 

In  spite  of  the  fact  that  SnTe  incorporates  as  a  pair,  there  is  no 
evidence  that  they  form  deep  donors  or  that  they  introduce  high-density 
deep  traps  in  the  film. 

B .  Si  Doping  of  MBE-GaAs  in  Conjunction  with  Accelerated  Growth  Rates 


One  of  the  main  features  of  MBE  is  its  precise  layer  thickness 
control.  It  has  been  demonstrated  that  a  supperlattice  structure. 


DLTS  data  on  Si-,  Sn-,  and  Te-doped  films  grown  by  MBE. 
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consisting  of  thousands  of  alternating  monolayers  of  GaAs  and  AlAs,  can 
1 3 

be  grown  by  MBE.  Naturally,  MBE  has  been  successful  for  devices  that 
require  growth  of  thin  layers  in  the  structure,  such  as  lasers,  mixers, 
IMPATT  diodes,  and  low-noise  FETs.  Presently,  one  micron  per  hour  (1  u/h) 
is  a  typical  MBE  growth  rate  for  GaAs.  However,  if  higher  growth  rates 
can  be  employed  without  sacrificing  device  performance  and  yield,  MBE 
may  become  an  economical  production  process  for  optoelectronic  and 
microwave  devices. 

In  order  to  investigate  higher  growth  rate  effects,  it  is  desirable 
to  find  a  dopant  which  is  not  sensitive  to  the  change  of  growth  conditions. 
We  chose  Si  because  its  characteristics  were  relatively  well  documented 
and  appeared  least  sensitive  to  growth  conditions.  One  concern  was  that 
the  relatively  high  operating  temperature  required  for  the  Si  furnace 
(>1200°C)  may  outgas  undesirable  impurities  from  the  heating  element, 
resulting  in  contamination  of  the  growing  layer.  During  the  course  of 
the  work,  however,  we  found  that  not  only  was  this  concern  groundless,, 
but  also  that  Si  is  a  very  useful  n-type  dopant  in  MBE  GaAs. 

Figure  8  shows  the  measured  carrier  concentration  as  a  function  of 

reciprocal  temperature  of  the  Si  furnace.  The  solid  line  in  the  figure 
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represents  the  vapor  pressure  of  Si  versus  1/T  with  the  position  of 
the  ordinate  scale  adjusted  to  coincide  with  the  experimental  data 
points.  The  experimental  points  were  obtained  on  films  grown  at  1  u/h. 

The  fact  that  the  slope  of  the  vapor  pressure  curve  agrees  well  with  the 
experimental  points  suggests  that  the  Si  doping  level  is  proportional  to 

the  Si  arrival  rate  over  the  concentration  range  studied.  This  unit 
sticking  coefficient  of  Si  made  it  easy  to  obtain  the  desired  doping 
concentration  and  to  determine  the  furnace  temperature  for  a  doping  con¬ 
centration  needed  at  various  growth  rates. 
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CARRIER  CONCENTRATION  (cm 


Fig.  3  Carrier  concentration  of  Si -doped  films  measured 
by  the  van  der  Pauw  technique  as  a  function  of 
reciprocal  temperature  of  the  Si  furnace. 
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Hall  mobilities  of  Si-doped  films  are  shown  in  Fig.  9  as  a  function 

of  doping  concentration.  All  the  films  were  grown  at  1.0  u/h.  The 

results  compare  favorably  with  those  reported  in  the  literature  for  MBE 

2 

GaAs.  The  highest  room-temperature  mobility  was  8,839  cm  /V- sec  at  3.6 

x  1015cm-^,  and  the  highest  77°K  mobility  was  60,036  cm2/V-sec  at  1 .2  x 
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10  cm  . 

Demonstrating  high  Hall  mobilities  for  Si-doped  films,  we  increased 

the  growth  rate  and  measured  Hall  mobilities  on  these  films.  The  films 

were  doped  at  10^-10^cm"^,  so  that  possible  change  in  mobilities  could 

be  seen  more  easily.  Since  many  different  growth  rates  were  tried,  most 

are  grouped  together  and  presented  in  Fig.  10.  As  shown  in  the  figure, 

there  is  about  50%  spread  in  mobility  at  a  given  carrier  concentration. 

A  similar  spread  is  observed  even  for  films  grown  at  the  same  rate  of  1 

u/h.  This  variation  is  probably  a  result  of  compounding  measurement 

errors  and  differences  in  substrate  quality.  These  results  show  that 

the  mobilities  at  higher  growth  rates  are  comparable  to  or  higher  than 

2 

those  at  1  u/h.  The  highest  77°K  mobility  achieved  was  75,085  cm  /V-sec 
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at  2.2  x  10  cnTJ  for  a  layer  grown  at  1.8  u/h. 

The  accelerated  growth  rate  did  not  produce  any  significant  changes 
in  the  77°K  PL  spectra  in  Si-doped  films.  Spectra  for  wafers  grown  at  1 
u/h  and  5  u/h  are  shown  in  Figs.  11(a)  and  (b).  The  donor-to-val ence 
band  transition  at  1.507  eV  dominates  in  both  spectra.  The  donor-to- 

acceptor  transition  at  1.477  eV  is  also  observed.  However,  the  peaks 
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observed  by  others  in  Si-doped  MBE  GaAs  at  1.44  eV  or  about  0.1  eV 
below  the  edge  transmission  peak  are  very  weak  or  absent.  These  peaks 
have  been  associated  with  an  impurity-Ga  vacancy  complex.  We  therefore 
reasoned  that  small  As^/Ga  ratio  used  for  the  growth  of  Fig.  11(a)  and 
(b)  wafers  would  have  decreased  the  number  of  Ga  vacancies.  In  order  to 
check  this  hypothesis,  a  third  wafer  was  grown  with  an  As^  flux  five 
times  higher  than  normal.  PL  from  this  wafer  is  shown  in  Fig.  11(c). 


PHOTOLUMINESCENT  INTENSITY  (arb.  units) 
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Again,  the  lower  energy  peak  is  small.  Finally,  a  highly-doped  (4  x 
10  cm”  )  film  was  grown  under  very  high  As^  flux  density.  As  shown  in 
Fig.  11(d),  there  is  no  significant  increase  in  the  lower  energy  peak. 

It  is  clear  from  these  results  that  the  lower  energy  peak  is  neither 
inherently  connected  with  Si  doping  nor  directly  associated  with  avail¬ 
ability  of  Ga  vacancies  as  believed  before,  but  may  be  associated  with 
general  cleanliness  of  the  growth  system  or  substrate  qualities. 

Low-temperature  photoluminescence  studies  were  also  carried  out 
on  layers  grown  at  1  u/h.  As  shown  in  Fig.  12,  no  deep  levels  were 
found  in  this  figure  either.  Shallow  levels  were  shown  here  were 
identified  as  due  to  carbon  and  germanium  acceptors,  and  we  see  only  a 
small  peak  at  photon  energy  corresponding  to  the  Si  acceptor.  The 
germanium  peak  is  observable  in  almost  all  MBE-grown  GaAs,  including 
those  grown  by  other  researchers.  The  origin  is  not  known.  The  carbon 
peak  was  always  observed,  but  intensities  were  different  from  wafer  to 
wafer,  indicating  carbon  concentration  depends  on  hydrocarbon  concen¬ 
tration  in  the  background  gases. 

In  summary,  Si-doped  films  exhibit  high  mobilities  and  good  PL 
characteristics.  Si-doped  films  grown  at  higher  growth  rates  showed 
comparable  or  improved  77 °K  mobilities.  The  higher  growth  rate  did  not 
affect  the  PL  characteristic ,  as  shown.  Most  importantly,  lower  energy 
peaks  observed  by  others  in  77°K  PL  spectrum  were  not  seen  in  our  films, 
indicating  these  peaks  are  neither  inherently  connected  with  Si  doping, 
nor  with  its  capability  of  producing  high  mobilities.  Good  PL  char¬ 
acteristics  should  make  Si  the  most  practical  dopant  in  microwave  and 
optoelectronic  device  applications,  especially  when  higher  growth  rates 
are  employed. 
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Fig.  12  Photoluminescence  spectra  of  Si-doped  MBE  GaAs. 
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C.  Be  Doping  and  Others 


(i)  Be-Doped  GaAs 

Early  studies  of  Be  incorporation  involved  the  growth  of  MBE 
GaAs:Be  on  n-GeAs  layers  that  had  been  grown  by  vapor-phase  epitaxy. 
Anomalous  p-n  junction  behavior  was  observed,  consistent  with  a  wide 
compensated  region  at  the  junction.  It  turned  out  that  the  anomalous 
behavior  was  due  neither  to  the  MBE  process  itself  nor  to  the  doping 
characteristic  of  SnTe,  nor  is  it  due  to  low  purity  of  the  Be  source 
(3N),  commercially  available. 

As  a  means  of  evaluating  different  Be  sources,  Be-doped  layers 
grown  separately  on  Cr-doped  substrates  were  fabricated  into  van  der 
Pauw  samples  and  mobilities  measured  at  77°K  and  300°K.  The  results  are 
displayed  in  Fig.  13.  As  can  be  seen,  the  mobilities  are  comparable 
with  the  best  reported  in  the  literature,  indicating  satisfactory  purity 
of  the  Be  sources.  The  highest  mobilities  were  obtained  with  Be  (4N) 
from  Varlacoid,  Co.,  Elizabeth,  New  Jersey.  Also,  excellent  junction 
charactersitics  were  obtained  by  continuous  growth  of  n-p  junctions  in 
the  MBE  equipment  using  SnTe  as  the  n-dopant,  followed  by  the  Be-doped 
layer.  It  appears,  therefore,  that  the  anomaly  was  due  to  surface  con¬ 
tamination  of  the  vapor-phase  n  layers  originally  used,  and  that  the  MBE 
Be-doping  technique  is  under  satisfactory  control. 

(ii)  Gettering 

At  the  time  of  submission  of  our  initial  proposal,  it  was 
believed  that  substantial  oxygen  contamination  of  MBE  films  might  be 
encountered.  However,  high  mobilities  of  the  films  shown  in  this  report 
and  DLTS  data  prove  that  oxygen  is  not  a  major  or  even  detectable 
impurity  in  MBE  layers  grown  under  readily-attainabl e  ultrahigh  vacuum 
conditions;  these  studies  have  therefore  not  been  pursued. 


MBE  GaAs 
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(iii)  Background  Additives 


Inhibition  of  incorporation  of  impurities  from  the  back¬ 
ground  in  the  MBE  by  specific  additives  (e.g.,  hydrogen)  had  been 
15 

reported.  However,  we  have  found  that  hydrogen  additives  increase  the 
layer  mobilities  only  in  the  case  of  rather  poor  vacuum  conditions,  and 
that  the  mobilities  obtained  are  no  better  than  those  resulting  when 
layers  are  grown  under  good  vacuum  in  the  absence  of  hydrogen.  This 
investigation  was  therefore  terminated. 
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IV.  CONCLUSIONS 


A  number  of  dopants  have  been  used  in  MBE-GaAs  with  varying  degrees 
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of  success  --  Sn,  Ge,  Si,  PbSe,  PbTe,  and  SnTe.  Each  dopant  has 
merits  and  demerits.  Work  reported  here  shows  that  Si  is  a  near  ideal 
dopant  for  GaAs  device  applications.  The  Si  donor  is  not  as  heavily 
compensated  as  the  Ge  donor  and  does  not  have  surface  segregation  pro¬ 
blems  like  Sn.  Also,  reproducibility  is  excellent.  We  have  demonstrated 
that  the  "deep  levels"  associated  with  Si  as  a  dopant  by  other  workers 
are  not  intrinsic,  but  rather  artifacts  of  effusion  cell  design.  Also, 
we  have  shown  that  higher  growth  rates  can  be  employed  in  growing  MBE- 
GaAs  without  sacrificing  the  electrical  and  optical  characteristics  of 
the  films.  This  fact  should  make  the  MBE  technique  an  economical  process 
for  growing  microwave  and  optoelectronic  devices.  All  the  experiments 
on  the  effects  of  accelerated  growth  rates  were  made  on  Si-doped  films, 
but  higher  growth  rates  could  be  employed  using  other  dopants.  Never¬ 
theless,  Si  appears  to  be  the  best  choice  because  its  incorporation  is 
least  sensitive  to  growth  conditions,  giving  the  greatest  flexibility  in 
determining  growth  conditions. 

One  problem  in  using  Si  as  a  donor  may  be  that  very  high  doping 
concentrations  (>1  x  10  cm  )  may  be  difficult  to  obtain.  We  have 
recent  evidence  that  the  Si  donor  starts  to  be  heavily  compensated  by 
the  Si  acceptor  at  high  concentrations  and  that  net  donor  concentrations 
above  6  x  10  cm”  become  difficult  to  obtain.  This  makes  it  desirable 
to  investigate  other  dopants  for  degenerate  doping  of  contact  layers, 

for  example.  It  has  been  demonstrated0  that  very  high  doping  of  GaAs 
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by  Ge  (7.4  x  10  /cm  free  electrons  and  3.0  x  10  /cm  free  holes  at 

300°K)  can  be  obtained  at  high  As^/Ga  flux  ratios  (of  the  order  of  10/1). 

However,  reproducible,  consistent  doping  was  only  obtained  up  to  a 
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plateau  of  3  x  10  /cm  ,  at  which  point  the  material  was  already  appre¬ 
ciably  compensated.  At  still  higher  doping  levels,  the  materials  turneo 
n-type,  with  a  region  of  instability  in  between.  Mobilities  in  the 
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highly-doped  regions  were  of  the  order  of  10  cm  /V-sec  for  both  electrons 
and  holes.  As  a  practical  matter,  the  high  As/Ga  ratio  requires  that  a 
As  crucible  be  refilled  at  more  frequent  intervals.  Also,  high  As  flux 
tends  to  degrade  surface  morphology. 

Sn  is  currently  more  popular  and  high  doping  is  possible  using  it, 

but  SnTe  can  be  an  attractive  alternative  to  Sn.  Our  results  show  that 

SnTe  doping  produced  a  sharp  doping  profile  change  up  to  the  doping  con- 
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centration  of  1  x  10  cm  when  used  at  a  substrate  temperature  of  500- 

550°C.  Also,  SnTe-doped  films  exhibit  good  mobilities  and  photoluminescence 
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over  a  wide  doping  range  of  1  x  10  cm  to  1  x  1 0  cm  .  We  have  found 
that  at  a  substrate  temperature  higher  than  580°C,  Sn  and  Te  segregation 
does  occur,  but  the  segregation  is  minimal  compared  to  elemental  Sn-  or 
Te-doped  films.  This  lesser  segregation  is  probably  due  to  the  specific 
SnTe  incorporation  mechanism.  It  appears  that  SnTe  molecules  incorporate 
mostly  as  Sn  and  Te  pairs  instead  of  independent  Sn  and  Te  atoms,  and  this 
incorporation  mechanism  suppresses  the  surface  segregation.  We  have  also 
found  that  SnTe  incorporation  depends  on  the  availability  of  Ga  vacancies. 

Our  results  also  showed  that  the  densities  of  Sn  and  Te  in  the  SnTe- 
doped  films  are  comparable,  which  is  to  be  expected  from  pair  incorpora¬ 
tion.  The  exact  nature  of  the  pair  incorporation  mechanism  is  not  well 
understood.  One  thing  relatively  certain  is  that  SnTe  does  not  incor¬ 
porate  as  a  molecule.  If  it  does,  it  should  form  a  deep  donor  (25  mev  - 
30  meV),  and  we  have  found  no  evidence  of  deep  donor  present  in  SnTe- 
doped  films.  Also,  our  DLTS  results  indicate  that  SnTe  doping  does  not 
introduce  high  density  deep  traps  in  the  film. 
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Effect  of  accelerated  growth  rate  (1-5  ^m/h)  on  molecular  beam  epitaxial 
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The  slow  growth  rate  of  molecular  beam  epitaxy  (MBE)  allows  close  to  monolayer  control  of  the 
film  thickness.  However,  if  the  growth  rate  can  be  increased  without  significant  loss  of  material 
quality  or  control,  MBE  may  also  become  an  economical  way  to  grow  epitaxial  layers  for 
optoelectronic  and  microwave  devices.  In  this  work.  Si  was  studied  as  an  n-type  dopant  at  various 
growth  rates.  Hall  mobilities  of  60  036  cnr/V  sec  at  77  K  and  8839  cm2/V  sec  at  room 
temperature  were  achieved  using  a  l-/am/h  growth  rate.  Higher  mobilities  were  obtained  at 
higher  growth  rates.  Photoluminescence  spectra  of  Si-doped  films  were  dominated  by  near-band- 
edge  emission.  The  growth  rate  of  MBE  GaAs  can  be  increased  at  least  up  to  5  /i/ h  without 
change  in  electrical  and  optical  characteristics  of  films. 

PACS  numbers:  68.55.  +  b,  78.55.Ds 


Molecular  beam  epitaxy  (MBE)  is  a  fast-emerging  tech¬ 
nology  for  epitaxial  growth  showing  signs  of  becoming  a 
practical  crystal  growth  technique  for  optoelectronic  and 
microwave  devices.  One  of  the  main  features  of  MBE  is  its 
precise  layer  thickness  control.  It  has  been  demonstrated 
that  a  superlattice  structure,  consisting  of  thousands  of  alter¬ 
nating  monolayers  of  GaAs  and  AlAs,  can  be  grown  by 
MBE. 1  Naturally,  MBE  has  been  successful  for  devices  that 
require  growth  of  thin  layers  in  the  structure,  such  as  lasers, 
mixers,  IMPATT  diodes,  and  low-noise  field-effect  transis¬ 
tors.  (For  a  review,  see  Ref.  2.)  Presently  1  fi/h  is  a  typical 
MBE  growth  rate  for  GaAs.  If  higher  growth  rates  can  be 
employed  without  sacrificing  device  performance  and  yield. 
MBE  may  become  economical  for  optoelectronic  and  micro- 
wave  devices.  This  letter  investigates  this  possibility  by 
studying  the  electrical  and  optical  characteristics  of  Si- 
doped  GaAs  layers  grown  at  different  rates. 

In  order  to  investigate  higher-growth-rate  effects,  it  is 
desirable  to  find  a  dopant  which  is  not  sensitive  to  the  change 
of  growth  conditions.  Many  elements  and  compounds  have 
been  used  as  /r-tvpe  dopants,  i.e.,  Sn.’  SnTe.4  Ge,'  PbS,'’ 
PbSe.’’  and  Si.’  Among  these.  Si  appears  to  be  least  sensitive 
to  growth  conditions.  The  Si  incorporation  rate  is  indepen¬ 


dent  of  substrate  temperature  from  500  to  600  ”C  and  is  in¬ 
sensitive  to  As^Ga  ratio  change.  Also,  doping  to  2.5  x  10"* 
cm-3  is  possible.7  8  One  of  the  reasons  that  Si  is  not  widely 
used  in  MBE  may  be  the  concern  over  the  relatively  high 
operating  temperature  required  for  the  Si  furnace 
( >  1200  °C).  Out-gassing  of  undesirable  impurities  from 
heating  elements  may  result  in  film  contamination.  Howev¬ 
er,  no  such  effects  were  clearly  found  during  the  course  of 
this  work. 

All  the  epitaxial  growths  were  performed  in  a  Varian 
MBE-360  molecular  beam  epitaxy  system.  A  detailed  sys¬ 
tem  description  can  be  found  elsewhere.11  The  molecular 
beam  sources  were  standard  Varian  MBE  furnaces  contain¬ 
ing  charges  of  Ga  (7M  Eagle-Pitcher),  As  (6/V.  Canyonlands 
2 1st  Century  Corp.),  and  Si  (1013  cm'1  phosphorus  doped. 
Dow  Coming).  All  the  charges  were  contained  in  pyrolytic 
boron  nitride  (PBN)  crucibles.  The  substrate  material  was 
(100)  oriented  Cr-doped  GaAs  grown  in  this  laboratory  by 
the  liquid  encapsulation  Czochralski  process.  The  substrates 
where  chemomechanicallv  polished  in  standard  sodium  hy¬ 
pochlorite  solution.  Immediately  before  loading,  the  sub¬ 
strates  were  degreased  in  TCE,  acetone,  and  methanol  and 
etched  in  stagnant  4:1:1  (H,S04:H;0::H,0)  solution  for  one 
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FIG.  1 .  Carrier  concentration  measured  by  the  Van  der  Pauw  technique  as  a 
function  of  reciprocal  temperature  of  the  Si  furnace. 

minute.  Indium  was  used  to  bond  the  substrate  to  a  molybde¬ 
num  heater  block.  The  substrate  was  heat  cleaned  in  the 
growth  chamber  for  six  minutes  at  61 1  “C  with  the  As  fur¬ 
nace  open.  All  GaAs  films  reported  here  were  grown  at  a 
substrate  temperature  of  581  'C  with/Aj4//a,  =0.75-1.00, 
where  are  the  arsenic  and  gallium  flux  densities. 

The  Si  furnace  temperature  ranged  from  850  to  1200  °C. 
Typical  background  pressure  during  growth  was  5x  10"7 
Torr  for  1  /u/h  and  increased  linearly  with  growth  rate.  The 
Hall  mobilities  were  measured  by  the  Van  der  Pauw  tech¬ 
nique  on  2.5-3.0-/x-thick  layers  grown  directly  on  Cr-doped 
substrates,  without  a  buffer.  The  magnetic  field  was  1.2  kG. 
The  epitaxial  layer  thickness  determined  by  cleave  and  stain 
measurement  was  used  for  calculation  of  carrier  concentra¬ 
tion.  Photoluminescence  (PL)  measurements  were  made  at 
77  K  with  a  1  -  W  argon  laser  and  cooled  S- 1  photomultiplier. 

Figure  1  shows  the  measured  carrier  concentration  as  a 
function  of  reciprocal  temperature  of  the  Si  furnace.  The 
solid  line  in  the  figure  represents  the  vapor  pressure  of  Si  vs 
1/7’, 10  with  the  position  of  the  ordinate  scale  adjusted  to 
coincide  with  the  experimental  data  points.  The  experimen¬ 
tal  points  were  obtained  on  films  grown  at  1  ft/ h.  The  fact 
that  the  slope  of  the  vapor  pressure  curve  agrees  well  with 
the  experimental  points  suggests  that,  over  the  concentra¬ 
tion  range  studied,  the  Si  doping  level  is  proportional  to  the 
Si  arrival  rate.  The  doping  concentration  at  higher  growth 
rates  can  be  predicted  from  this  curve  within  20 %  error. 


ELECTRON  CONCENTRATION(cm‘3> 


FIG.  2.  Room-temperature  and  77-K  Hall  mobilities  of  Si-doped  films 
grown  at  1  ft/ h. 

Figure  2  shows  the  Hall  mobilities  versus  doping  con¬ 
centration  for  Si-doped  layers  grown  at  1.0  /x/h.  The  results 
compare  favorably  with  those  reported  in  the  literature  for 
MBE  GaAs.  The  highest  room-temperature  mobility  was 
8839  cm2/V  sec  at  3.6  X  1015  cm'3,  and  the  highest  77-K  mo¬ 
bility  was  60  036  cm2  A7  sec  at  1.2  x  1015  cm'3. 

Films  grown  at  higher  growth  rates  were  doped  at  1 0 1 5- 
10'6  cm'3,  so  that  possible  change  in  the  mobilities  could  be 
seen  more  easily.  Since  many  different  growth  rates  were 
tried,  most  are  grouped  together  and  presented  in  Fig.  3.  As 
shown  in  the  figure,  there  is  about  50%  spread  in  mobility  at 
a  given  carrier  concentration.  The  same  degree  of  variation  is 
observed  even  for  films  grown  at  the  same  rate  of  1  ^/h.  This 
variation  is  probably  a  result  of  compounding  measurement 
errors  and  differences  in  substrate  quality.  The  highest  77-K 
mobility  achieved  was  75  085  cnr/V  sec  at  2.2  X  1015  cm'3 
for  the  film  grown  at  1 .8  /x/ h.  From  these  results,  it  can  be 
concluded  that  the  mobilities  at  higher  growth  rates  are 
comparable  to  or  higher  than  those  at  1  /x/h. 

The  accelerated  growth  rate  did  not  produce  any  sig¬ 
nificant  changes  in  the  77-K  PL  spectra.  Spectra  for  wafers 
grown  at  1  and  5  /x/h  are  shown  in  Figs.  4(a)  and  4(b).  The 
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FIG.  4.  PL  spectrum  for  films  grown  under  different  conditions:  (a)  normal 
conditions,  (b)  five  times  higher  rate,  (c)  normal  growth  rate  but  with  a  six 
times  higher  As./Ga  ratio,  (d)  highly  doped  GaAs  grown  with  eight  times 
higher  As»/Ga  ratio  (r  designates  the  growth  rate). 


donor-to- valence-band  transition  at  1.507  eV  dominates  in 
both  spectra.  The  donor-to-acceptor  transition  at  1 .477  eV  is 
also  observed.  However,  the  energy  peaks  observed  by  oth¬ 
ers  in  Si-doped  MBE  GaAs  at  1.44  eV,®  or  about  1  eV  below 
the  edge  emission  peak"  are  very  weak  or  absent.  These 
peaks  have  been  associated  with  an  impurity-Ga  vacancy 
complex.  The  small  As4/Ga  ratio  used  for  the  growth  of  Fig. 
4(a)  and  4(b)  wafers  would  have  decreased  the  number  of  Ga 
vacancies.  In  order  to  check  this  hypothesis,  a  third  wafer 


was  grown  with  an  As  flux  five  times  higher  than  normal.  PL 
from  this  wafer  is  shown  in  Fig.  4(c).  Again,  the  lower-ener¬ 
gy  peak  is  small.  Finally,  a  highly  doped  (4x  10"  cm")  film 
was  grown  under  very  high  As  flux  density.  As  shown  in  Fig. 
4(d),  there  is  no  significant  increase  in  the  lower-energy 
peak.  It  appears  that  the  lower-energy  peak  is  neither  inher¬ 
ently  connected  with  Si  doping  nor  directly  associated  with 
availability  of  Ga  vacancies,  but  may  be  associated  with  gen¬ 
eral  cleanliness  of  the  growth  system  or  substrate  qualities. 

Even  though  there  is  little  difference  in  electrical  and 
optical  characteristics  of  films  grown  at  different  growth 
rates,  a  difference  in  surface  morphology  is  sometimes  ob¬ 
served.  The  layer  grown  at  1  /u/h  has  a  very  smooth  surface, 
as  shown  in  Fig.  5(a).  However,  as  the  growth  rate  is  raised, 
the  grown  surface  sometimes  reveals  spurious  growths,  as 
shown  in  Fig.  5(b).  This  spurious  growth  is  also  observed  for 
films  grown  at  1  fx/h  when  the  As  flux  is  high.  This  problem 
seems  to  be  associated  with  the  Ga  spitting  that  Wood  et  al. 
described  in  their  recent  work.12 

In  conclusion,  Si-doped  films  exhibit  high  mobilities 
and  good  PL  characteristics.  Higher  growth  rates  yield  com¬ 
parable  or  better  77-K  mobilities  and  do  not  significantly 
affect  PL  characteristics.  High  Ga  evaporation  rate  and  high 
As  pressure  sometimes  result  in  spurious  growths  on  the 
surface.  However,  this  problem  can  be  minimized  by  filling 
the  Ga  crucible  full  and  avoiding  excessive  use  of  As  flux 
during  growth. 

The  author  wishes  to  thank  the  Varian  Vacuum  Divi¬ 
sion,  especially  P.  E.  Luscher,  for  providing  the  Varian 
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ing  and  suggestions  by  R.  L.  Bell  and  J.  S.  Escher  are  appre¬ 
ciated.  Also,  thanks  are  due  to  C.  E.  C.  Wood  for  a  preprint 
of  Ref.  12.  Special  thanks  are  due  to  M.  Pustorino  for  her 
technical  assistance.  This  work  was  supported  by  the  Air 
Force  Office  of  Scientific  Research,  under  Contract  No.  F 
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FIG.  5.  As-grown  surface 
morphology  of  MBE 
GaAs.  tai  smooth  surface 
grown  under  normal  con¬ 
ditions.  (M  spurious 
growth  on  the  surface 
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